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S ys t em on ch ip (SoC) i s wide l y us ed in po r t ab l e dev ice marke t s nowada ys .
Vo l t age re f e renc e genera to r s a re ub iqu i tous in the SoC de s ign areas , i n which
the outpu t vol t ages ex hib i t l i t t l e depe ndence on process and suppl y vo l t age
var i a t i ons . The y ar e impor t an t pa r t s fo r accura t e wo rk ing of var ious c i rcu i t s
l i ke ADC (Analog - t o -Digi ta l Conver t e r ) , DAC (Digi t a l - t o - Ana log Conver te r ) ,
DC-DC conver t e r s , and osc i l l a to rs . Thus , a p rec i s ion vo l t a ge re fe renc e
fo rms an in t e gra l pa r t o f a lmos t a l l c i r cu i t des igns . There a re main l y tw o
k inds o f vo l t age re fe r ence c i rcu i t s : PTAT (Propor t iona l to Abso lu t e
Tempera tu re ) /CTAT (Complemen ta r y to Absolu t e Tempera tu re ) vo l t a ge
re fe rences , which are somet imes appl i ed as t emperatu re senso rs ; and vol t age
re fe rence to t a l l y i ndependen t o f t empera tu re ( f amous fo r bandgap re fe rence
c i rcu i t s ) , wh ich is wide ly app l i ed whenever an on -ch ip re fe renc e b ias i s
needed .
Low power des igns a re requ i red fo r por t ab l e dev ice marke t s
implemen ta t i on. The sca l ing of complemen ta r y meta l ox ide - semiconduc t o r
(CMOS) process t e chno logy a l so inc rea ses the requ i rem en t fo r low vol tage
des ign . On the o ther hand , a l t hough re s i s to r i s ava i l ab l e to be implemen ted in
ana log CMOS process , t he a re a in s t andard d ig i t a l p roces s i s gr ea t l y
inc reased . The reas on is tha t , the shee t res i s t ance of the d i ffus ion l a y e r s an d
po l ys i l i con i s reduced b y us ing s i l i c ide . B y app l yin g res i s to r s in dig i t a l
p roces s bo th inc rea se the cos t and c i r c u i t suscep t ib i l i t y to the subs t ra t e no ise
coup l ing . To over come these p roblems, on wa y i s to add an ex t ra mask .
Al though i t i s capab le to se l ec t ive l y block the s i l i c ide , the cos t i s a l so
inc reased . In ano ther wa y, to des i gn c i rcu i t s wi thou t re s i s to r s i s becoming
more and more popula r to so lve th i s p roblem nowada ys . Ther efo r e ,
u l t r a - low-power, l ow vol t age an d res i s to r - l e s s have become k e y
charac t e r i s t i cs fo r c i rcu i t des ign bu t the re a r e s t i l l cha l l enges for h i gh
per formance under d i ffer en t condi t i ons . For PTAT/CTAT vol t age gene ra to r s
which are widel y used as t emperatu r e senso rs , s ever a l doz ens o f them ar e
p laced on ch ip a t d i fferen t pos i t i ons , the power consumpt ions themse lves
should be des igne d much smal l e r. Fo r bandgap re f e r ence c i rcu i t s , t he
min imum supp l y vo l t a ge l imi t s the to t a l suppl y vo l t age of the s ys t em on ch ip ,
wh ich needs to be f u r the r reduced in th i s f i e ld .
For conven t iona l PTAT/CTAT vol t age re fe r ence gen era to r des ign , one of
the conven t iona l V t h ex t rac to r in (S . Vlas s i s , El ec t ron Let t2007) was proposed .
Th is c i rcu i t ex t rac t s the un i t outpu t V t h vol t age . However , power consumpt ion
i s between 50 uW a nd 65 uW and res i s to r s a re a l so used . Ano ther resea r ch in
(G. F ikos , TCAS II2001 ) reduced the power and des igne d wi thout res i s to r s .
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However , t he min imum power consumpt ion i s 1 .14 uW , which s t i l l m ic rowat t
l eve l . Moreover , b o th of these ci rcu i t s above on l y gen e ra t e un i t ou tpu t V t h
vo l t ages . A paper (Z. Wang, J SSC1992) p roposed the ci rcu i t s to genera te th e
n t imes V t h ou tput va lue . However , t he ou tput n should be an in t eger numbe r ,
wh ich i s d i sc re t e . Th is l imi t s the c i rc u i t app l ica t i on . Moreover , t he c i rcu i t ( Z .
Wang, J SSC1992) i s not low po wer or res i s tor - l e s s des ign .
For conven t iona l re fe r ence c i r cu i t s independen t o f t empera tu re , t he
famous c l as s i ca l ba ndgap r e fe rence c i r cu i t s wer e p ropose d b y W id la r in (R .J .
Wid lar, JSSC1971 ) , and modi f i ed b y Brokaw in (A.P. Broka w, J SSC1974 ) .
Af t e r these c l as s i ca l c i r cu i t s , t he minimum supp l y vo l t age V D D of the band ga p
re fe rence c i rcu i t i s reduced f i rs t l y in (H. Banba , JSSC1999 ) to 0 .84 V, us ing
res i s to r d iv ide r s . However , a l l t hese work s mus t use res i s to r s . A CMOS
bandgap r e fe r ence c i rcu i t wi thout res i s to r s was f i r s t l y pu b l i shed in (A. Buck ,
ISSCC2000) . Howe ver, t he c i rcu i t has a ver y h i gh supp l y vo l ta ge of 3 .7 V,
and the t empera tu r e coeff i c i en t s i s l a rge (119 .7 ppm/ ) . The reduc t ion o f
min imum suppl y v o l t a ge and improvemen t t empera tu re accurac y hav e not
been to t a l l y so lved ye t .
Based on the above cons ide ra t i ons and l imi t a t i ons o f p rev ious
research es , a nano - l eve l power CTAT genera to r o f V t h e x t rac to r and a h igh
accura c y sub -1 -V bandgap re fe rence c i rcu i t t ha t both wi thou t res i s to r s a re
p roposed in th i s d i s se r t a t i on , respec t ive l y. The ul t r a - low-power des ign fo r
CTAT refe rence c i r cu i t i s based on the t echn ique of con t ro l l i ng the overd r iv e
vo l t age which i s o n l y de t e rmined b y the des ign p aram ete r ( WL s i z es ) . The
low vol t age des ign fo r bandgap re f e r ence c i rcu i t i s rea l i z ed based on the
pr incip l e o f redu c ing the ou tpu t vol t age (usua l l y a round 1 .2 V) us ing a CMOS
vol t age d iv ider ; and the ou tpu t accura c y i s improved b y a new cur ren t source .
To he lp ver i f yin g ana log c i rcu i t pe r formance , a s i mple and prac t i c a l
s t a t i s t i ca l an a l ys i s dev ice mode l i s p roposed to s imula t e the p roces s var i a t i on
befo re ch ip des ign .
The di sse r t a t ion i s o rgan iz e d wi th f ive chap te r s as fo l lows :
In chap te r 1 , t he app l ica t i on back gr ound s and requ i re ments a re b r i e f l y
in t roduced . Then the mot iva t ion s and ob jec t ive o f the d i s se r t a t i on and
research approa ch are presen ted . F ina l l y, con t r ibu t ions o f th i s work and i t s
o rganiz a t ion are shown .
In chap te r 2 , a s imple and prac t i ca l s t a t i s t i ca l ana l ys i s dev ice mode l fo r
ana log c i rcu i t des ign is p roposed . A method i s g iven co mbin ing globa l an d
loca l va r i a t i ons toge the r us ing 4 mode l paramete r s . I t i s ava i l ab l e in
p red ic t i on of c i rcu i t pe r fo rmance con s ider ing proces s var i a t i on . Th is mode l
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i s used fo r the c i rc u i t s s t a t i s t i ca l va r i a t i on s imula t ion proposed in chap t e r 3
and chap te r 4 .
In chap te r 3 , an accura t e nano wat t supp ly- insens i t i ve CMOS uni t V t h
ex t rac to r and a low power t imes V t h ( V t h ) ex t rac to r wi th con t inuous
var i e t y (CTAT ref e rence vo l t a ge c i r cu i t s ) a re propose d b y con t ro l l i ng the
overdr ive vo l tage . The technique i s con t ro l l i ng the over d r ive vol t a ge V o v b y
changin g t rans i s to r s izes . W i th the V t h ex t rac to r s , b o th inc remen ta l and
decremen ta l V t h vo l t ages a re ob ta i ned b y s impl y ad jus t i ng the t rans i s to r
s iz e . For the s imula t ion resu l t s o f 0 .18 um process , t he power consumpt ion i s
265 nW and l ine re gu la t i on is 0 .027%/V for the un i t V t h ex t rac to r ; fo r the
V t h ex t rac to r , t he p ower consumpt ion i s rea l iz e d f rom microwat t t o nanowat t ,
and l ine re gu la t i on i s 0 .146 %/V. The measurement resu l t s a re a l so d i scusse d
in the end of th is chap te r. The l ine r egu la t i on is about 0 .5%/V for un i t V t h
ex t rac to r , wh ich i s worse than simula t ion resu l t , caused b y la rge outpu t
impedance and un s t ab l e measur emen t env i ronment . The min imum power
consumpt ion i s 432 nW, which is same nano - l eve l low power resu l t . Bes ide s
be ing used as t empera ture senso rs , t he CTAT refe renc e vol t age c i rcu i t i s
capable to be app l i ed as a par t o f band gap r e fe r ence c i r cu i t i n chapte r 4 .
In chap te r 4 , a n under 1 V CMOS only b andgap re fe r enc e c i rcu i t wi thout
res i s to r s i s p roposed . The improvemen t s o f the p roposed c i rcu i t a re shown a s
fo l lows : F i r s t l y, the performance of sub -1 -V supply vo ltage is real i zed by
ut i l i z ing a vo l tage d iv ider. Secondly, t he temperature coe f f i c i ent i s
improved by a current source wi th approx imate ly l inear negat ive
temperature dependence . I t s temperature dependence is compensated by
only ad just ing the rat ios of the two di f f erent ial pa irs in the bandgap
re ference c i rcuit .
Simula t ion resu l t s show tha t the ou tpu t re fe rence vo l t age is a round 0 .5 V
wi th a min imum suppl y vo l t age of 0 .85 V. Moreover, t he t empera tu r e
coeff i c i en t i s only 3 .5 ppm/ f r om 0 to 70 . In h igh ac curac y
res i s to r - l e s s des ign area , t he s upp l y v o l t a ge of 0 .85 V is the s t a t e -o f - the -a r t
pe r formance . Th e measuremen t r esu l t s a re a l so d i scussed in the end of th i s
chap te r wi th the min imum supp l y vo l t age of 0 .85 V and 4 .9 ppm/
t empera tu re coeff i c i en t , which have a good a gre emen t wi th the s imula t ion
resu l t s . Fo r ch ip var i a t i on d i s t r i bu t ion , the mean va lue of t empera t u re
coeff i c i en t va r ia t i on be tween d i ffe r en t ch ips i s 7 .37 ppm/ , and dev ia t i on
i s 8 .9 ppm/ . The conc lus ion i s tha t the p roposed bandgap re f e ren ce
c i rcu i t has abi l i t y to work wi th h igh a ccurac y under 0 .85 V suppl y vo l t a ge .
In chap te r 5 , t he conc lus ions o f th i s d i s ser t a t i on are given .
